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Introduction {#sec1}
============

The nervous system relies on conserved endocytic and synaptic vesicle (SV) recycling mechanisms to sustain high activity. Defective endocytosis and SV recycling have long been implicated in neurodegeneration and neurodegenerative diseases, yet the molecular mechanisms remain unclear ([@bib10], [@bib17], [@bib42], [@bib44]).

Endophilin-A (henceforth endophilin) endocytic adaptors are key players in membrane dynamics at the neuronal synapse ([@bib40], [@bib52], [@bib26], [@bib42]). Endophilin-1 and 3 are brain-specific, whereas endophilin-2 is ubiquitous ([@bib39], [@bib40]). All three contain a highly conserved BAR domain and have a central role in both clathrin-mediated endocytosis ([@bib11], [@bib39], [@bib40], [@bib41], [@bib52], [@bib26]) and clathrin-independent endocytosis ([@bib3]). In clathrin-mediated endocytosis, endophilin recruits synaptojanin-1 to the necks of coated vesicles prior to scission by dynamin ([@bib26]). Furthermore, availability of endophilin is rate limiting for vesicle uncoating and SV recycling, and neurons without endophilin show reduced neurotransmission ([@bib26]).

Total absence of endophilin is perinatally lethal, whereas mice lacking endophilin-1 and 2 (1,2 double knockout \[DKO\]) show ataxia, neurodegeneration, and early lethality ([@bib26]). Why this happens is an intriguing question. It cannot be easily explained by defective neurotransmission, because even mice with paralysis and abolished neurotransmission do not develop neurodegeneration ([@bib17]). Thus, it is unlikely that neurodegeneration in endophilin 1,2 DKO mice is solely the result of defective SV recycling.

Mice without endophilin also show increased protein ubiquitination ([@bib5]), and neurodegeneration is frequently associated with impaired proteolytic systems, most notably the ubiquitin-proteasome system (UPS) and autophagy ([@bib27], [@bib28], [@bib25]). Endophilin has been linked to the UPS through direct interaction with the Parkinson's disease (PD)-related E3-ubiquitin ligase parkin ([@bib51]) and as a key component of the CBL-CIN85-endophilin complex known to downregulate receptors ([@bib46], [@bib31]).

Additional links between endophilin and neurodegeneration have recently emerged. The most commonly disrupted gene in familial PD ([@bib6]), *LRRK2*, encodes a protein that phosphorylates endophilin ([@bib24]). LRRK2 appears in Lewy bodies and plays a role in apoptosis and autophagy ([@bib18], [@bib50]). In addition, a number of case studies described synaptojanin-1 and auxilin mutations in early-onset parkinsonism ([@bib9], [@bib33], [@bib21]). Auxilin is recruited to the clathrin-coated vesicles directly after the action of synaptojanin-1, which is brought to the neck of the clathrin-coated pit by endophilin ([@bib26]). Interestingly, endophilin is upregulated in the brains of PD patients ([@bib45]). In addition, endophilin-1 and 3 have been shown to interact with ataxin-2, mutations in which lead to spinocerebellar ataxia type 2 ([@bib35], [@bib29]).

Despite direct parkin-endophilin interaction and a striking upregulation of parkin in mice lacking all three endophilin genes (endophilin triple knockout \[TKO\]; [@bib5]), elevated parkin could not explain the endophilin-deficient phenotype. We subjected endophilin mutants to RNA sequencing and found upregulation of another E3-ubiquitin ligase, F-box-only protein 32 (*Fbxo32*, also called atrogin-1/MAFbx). FBXO32 has previously been studied in muscles, where its induction occurs prior to the onset of rapid atrophy ([@bib43]). While studying how the FBXO32-endophilin-A interaction balances protein degradation and neuronal health in the brain, we discovered a direct role of endophilin-A in autophagosome formation.

Results {#sec2}
=======

Endophilin-A Deficiency Results in Age-Dependent Movement Impairments in Mice {#sec2.1}
-----------------------------------------------------------------------------

Mice lacking all three endophilin genes die perinatally, whereas endophilin 1,2 DKO animals show ataxia, neurodegenerative changes, and lethality around 3 weeks ([Movie S1](#mmc3){ref-type="supplementary-material"}; [@bib26]). Whereas single knockout (KO) and heterozygous (1HT-2HT; 1HT-2HT-3HT) mice appear phenotypically normal, endophilin 1KO-2HT, 1KO-2WT-3KO, and particularly 1KO-2HT-3KO mice exhibit shorter lifespans (∼19, ∼21, and ∼18 months, respectively; 1HT-2HT mice lived over 27 months; [Figure S1](#mmc1){ref-type="supplementary-material"}A). Observing 1KO-2HT and 1KO-2HT-3KO mice revealed progressive impairments in motor coordination and increasingly obvious ataxia as these animals age.

To systematically measure the progression of ataxia, we used a composite phenotype scoring system that incorporates hindlimb clasping, ledge walking, kyphosis, and gait ([@bib13]). When applied to four endophilin lines (1KO-2WT, 1KO-2HT, 1KO-2WT-3KO, and 1KO-2HT-3KO) and wild-type (WT) controls, it revealed phenotypic differences between endophilin mutants and within the same animals over the course of aging ([Figure 1](#fig1){ref-type="fig"}A); i.e., the onset and progression of ataxia correlate with age and severity of endophilin deficiency.

Next, we systematically evaluated locomotion by accelerating rotarod (ARR) performance test and gait analysis. Whereas the performance of 1KO-2WT mice on the ARR was comparable to WT, fall latency in 1KO-2HT-3KO mice was already significantly lower at a very young age ([Figure 1](#fig1){ref-type="fig"}B). Intermediate phenotypes were observed in 1KO-2HT and 1KO-2WT-3KO mice, where fall latency compared to WT was decreased significantly at 3 and 15 months, respectively.

Gait analysis revealed that ability to run on a motorized treadmill and walking pattern also depended on the number of missing alleles and age ([Figures 1](#fig1){ref-type="fig"}C, 1D, and [S1](#mmc1){ref-type="supplementary-material"}B; see [Movie S2](#mmc4){ref-type="supplementary-material"}). 1KO-2HT-3KO gait was impaired at 3 months, whereas the littermate 1KO-2WT-3KO mice showed impaired gait at 15 months ([Figure 1](#fig1){ref-type="fig"}D). Overall, onset and progression of movement impairments correspond to age and the extent of endophilin deficiency.

Neurodegenerative Changes in the Brain of Endophilin-A Mutants {#sec2.2}
--------------------------------------------------------------

To evaluate whether neurodegenerative changes could cause these motor impairments, we inspected neuronal cell death and gliosis in our model. Whereas overall neuronal cell morphology was unaltered in these mice ([Figure S1](#mmc1){ref-type="supplementary-material"}D), TUNEL assay revealed slightly increased cell death in endophilin 1KO-2WT and more prominently in 1,2 DKO motor cortex and hippocampus at postnatal day (p)18 ([Figure 1](#fig1){ref-type="fig"}E). Increased cell death was also found in 18-month 1KO-2HT-3KO motor cortex and hippocampus ([Figure S1](#mmc1){ref-type="supplementary-material"}C). Glial fibrillary acidic protein immunostaining revealed prominent upregulation of gliosis in 1,2 DKO motor cortex ([Figure 1](#fig1){ref-type="fig"}F). Because endophilin TKO mice die a few hours after birth, we probed for early markers of apoptosis in endophilin TKO brains and found an increase in caspase 3 activity ([Figure 1](#fig1){ref-type="fig"}G). In summary, newborn endophilin TKOs, juvenile 1,2 DKO, and aged 1KO-2HT-3KO mice display signs of mild to moderate neurodegeneration.

Endophilin-A Deficiency Changes the Expression of Ataxia-, PD -, and Protein-Homeostasis-Related Genes {#sec2.3}
------------------------------------------------------------------------------------------------------

We were interested in the molecular mechanisms underlying neurodegeneration in our endophilin-deficient models, so we employed RNA sequencing (experimental strategy in [Figure S2](#mmc1){ref-type="supplementary-material"}A). We first sequenced hippocampal RNA from TKO mice that show altered SV recycling and controls (n = 8--9 mice/condition). The data are of high technical quality (∼27M aligned reads) and samples clustered well according to genotype ([Table S1](#mmc2){ref-type="supplementary-material"}; [Figures S2](#mmc1){ref-type="supplementary-material"}B and S2C). 182 differentially expressed genes (DEGs) between endophilin TKO and littermate controls and 964 DEGs between TKO and WT were detected (adjusted p value \< 0.01; log~2~ fold change \> 0.4) ([Tables S2](#mmc2){ref-type="supplementary-material"} and [S3](#mmc2){ref-type="supplementary-material"}, respectively). Given the pronounced movement defects of endophilin mutants, we first looked for movement-disorder-related genes or pathways. Interestingly, TKO versus WT DEGs showed significant enrichment of genes involved in ataxia and PD ([Figures 2](#fig2){ref-type="fig"}A and 2B; [Table S4](#mmc2){ref-type="supplementary-material"}).

Because endophilin 1,2 DKO mice present first signs of neurodegeneration by the end of the 2^nd^ postnatal week, hippocampi from DKO, littermate 1KO-2WT, and WT mice were extracted during the 3^rd^ week and subjected to RNA sequencing and transcriptome analysis. The data are again of high technical quality (∼28M reads; [Table S1](#mmc2){ref-type="supplementary-material"}; samples clustered well according to genotype; [Figures S2](#mmc1){ref-type="supplementary-material"}D and S2E). 1,479 DEGs between 1,2 DKO and littermate controls, and 1,749 DEGs between DKO and WT were detected (adjusted p value \< 0.01; log~2~ fold change \> 0.4; [Tables S5](#mmc2){ref-type="supplementary-material"} and [S6](#mmc2){ref-type="supplementary-material"}, respectively). Both 1,2 DKO versus littermate and DKO versus WT lists were significantly enriched for genes involved in ataxia and PD ([Table S4](#mmc2){ref-type="supplementary-material"}; [Figures 2](#fig2){ref-type="fig"}C and 2D). Ataxia-related genes include ATM interactor (*Atmin*), *E2f1*, and *Rad51*; PD-related genes include *Park2* (encoding parkin), *Lrrk2*, the tyrosine hydroxylase gene (*Th*), and *Parl*. These findings further support endophilin's association with neurodegeneration, ataxia, and PD ([@bib1], [@bib9], [@bib21], [@bib24], [@bib26], [@bib33], [@bib35], [@bib45], [@bib51]).

We next analyzed TKO versus both littermate and WT controls (genes significantly changed in the same direction in TKO against both littermates and WTs; [Table S7](#mmc2){ref-type="supplementary-material"}; [Figure S2](#mmc1){ref-type="supplementary-material"}F) by Ingenuity Pathway Analysis (IPA) software to identify altered pathways and networks. The resulting most-represented pathways were related to compromised synaptic transmission, protein homeostasis, phagosome maturation, mitochondrial function, dopamine metabolism, and apoptosis ([Figure 2](#fig2){ref-type="fig"}E). Altered protein homeostasis has been strongly linked to neurodegeneration (e.g., [@bib8]) and might be relevant to the ataxic and neurodegenerative phenotypes observed in endophilin-deficient mice.

The differential expression of several genes was validated by quantitative real-time PCR in endophilin TKO hippocampi versus WT, and a strong correlation was observed (R^2^ = 0.83; [Figure 2](#fig2){ref-type="fig"}F). We also examined regulators of the transcriptional profile in endophilin TKO hippocampi and found that, among those statistically enriched, *Fbxo32* presents the most-robust change in gene expression (1.9-fold increase; [Table S8](#mmc2){ref-type="supplementary-material"}). This was interesting because FBXO32 is an E3-ubiquitin ligase linked to autophagy in skeletal and cardiac muscle ([@bib43], [@bib58]). Its expression is known to be regulated by the transcription factors FOXO1 and FOXO3A ([@bib43], [@bib53]): whereas *Foxo1* was unchanged, *Foxo3a* was significantly upregulated in TKO hippocampi ([Table S8](#mmc2){ref-type="supplementary-material"}).

Absence of Endophilin Upregulates the E3-Ubiquitin Ligase *Fbxo32* and Its Transcription Factor *Foxo3a* {#sec2.4}
--------------------------------------------------------------------------------------------------------

Given the observed changes in the *Foxo3a*-*Fbxo32* network and that FBXO32 is known to promote cell death and is required for muscle atrophy ([@bib43], [@bib55], [@bib56]), we decided to follow up on this network at the RNA and protein level. As in the RNA-sequencing data, *Foxo3a* and *Fbxo32* were upregulated in TKO hippocampi when measured by qPCR ([Figure 3](#fig3){ref-type="fig"}A) whereas *Foxo1* was unchanged ([Figures S2](#mmc1){ref-type="supplementary-material"}G and S2H). A striking increase in FBXO32 protein levels in TKO whole-brain extracts relative to littermate controls and to WT mice was detected ([Figure 3](#fig3){ref-type="fig"}B; [Figure S2](#mmc1){ref-type="supplementary-material"}I displays elevated FBXO32 in the hippocampus). Levels of FOXO3A\[Ser253\] phosphorylation (which represses FOXO3A binding to DNA) were also decreased ([Figure 3](#fig3){ref-type="fig"}B), suggesting an increase in the FOXO3A transcriptional activity, and the distribution of FOXO3A\[Ser253\]-P is altered in TKO hippocampus in comparison to controls ([Figure 3](#fig3){ref-type="fig"}C).

To determine whether FOXO3A activation is directly responsible for the upregulation of FBXO32, *Foxo3a* was silenced in TKO primary hippocampal neurons by small interfering RNA (siRNA) knockdown, using two siRNA constructs. Near-complete ablation of FOXO3A affects neuronal survival, so we used a milder condition (45% reduction) to probe for FBXO32 levels ([Figure 3](#fig3){ref-type="fig"}D). The elevated FBXO32 levels in TKO neurons were lowered upon *Foxo3a* knockdown, implying that FOXO3A is a sufficient regulator of FBXO32 in this system ([Figure 3](#fig3){ref-type="fig"}D). FBXO32 was also strongly upregulated in 1,2 DKO brain samples, both at p0 (whole brain) and 3 weeks (cortex; [Figure 3](#fig3){ref-type="fig"}E), as well as in the cortex of 1KO-2HT-3KO mice at 18 months ([Figure 3](#fig3){ref-type="fig"}F). Thus, the *Foxo3a*-*Fbxo32* network originally described in muscle atrophy is operative in the brain of endophilin mutant mice.

Proteasome Saturation in the Absence of Endophilin-A {#sec2.5}
----------------------------------------------------

Given the reported role of FBXO32 in the regulation of protein homeostasis via the UPS, we investigated whether the ubiquitin system is also affected in endophilin mutants. The PD-related E3-ubiquitin ligase parkin monoubiquitinates endophilin, and TKO brains show increased levels of parkin and ubiquitinated proteins ([@bib51], [@bib5]). However, 1,2 DKO mice in which the parkin gene *Park2* was also knocked out displayed a similar neurological phenotype to 1,2 DKO mice ([@bib4]), suggesting that other ubiquitin ligases might be involved. Given that FBXO32 is also an E3-ubiquitin ligase, we hypothesized that its robust upregulation in endophilin-deficient brain might contribute to the loss of protein homeostasis in endophilin knockouts. First, we tested whether FBXO32 can (mono)ubiquitinate endophilin-1 and 2, but this was not the case ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B). We observed that 1,2 DKO brains also display increased levels of ubiquitinated proteins ([Figure 4](#fig4){ref-type="fig"}A), similar to TKO brains ([@bib4]). To distinguish whether this was due to proteasome-related or localization-/signaling-related ubiquitination, we measured K48-(proteasome-related) and K63-(signaling-related)-linkage-specific polyubiquitination ([@bib16]). Whereas K48-linked ubiquitination was prominently increased in 1,2 DKO cortical extracts ([Figure 4](#fig4){ref-type="fig"}B), there was no significant change in the levels of K63-linked ubiquitination ([Figure 4](#fig4){ref-type="fig"}C), suggesting that the accumulation of ubiquitinated proteins is associated with defective processing by the proteasome. A similar result was observed in TKO brains ([Figures S3](#mmc1){ref-type="supplementary-material"}C and S3D).

Given the apparent inability of the proteasome to cope with the level of ubiquitinated proteins in endophilin knockouts, we probed the proteasomal system using a ubiquitinated substrate that is targeted to the proteasome and degraded (ubiquitin-G76V-GFP; [@bib7]), as well as by measuring the enzyme activity of the proteasome itself. We observed an accumulation of GFP-fluorescence originating from the substrate in TKO primary hippocampal neurons as well as fibroblasts (mouse embryonic fibroblasts \[MEFs\]) in comparison to respective controls ([Figures 4](#fig4){ref-type="fig"}D and 4E), denoting proteasome saturation in the endophilin KO cells. Interestingly, we noticed that the increase in ubiquitinated proteins elicited by the expression of ubiquitin-G76V-GFP results in significantly more apoptosis in the TKO MEFs than in controls ([Figure 4](#fig4){ref-type="fig"}G). Altogether, these results suggest a causal link between proteasome saturation in endophilin mutants, higher levels of ubiquitinated proteins, and increased cell death susceptibility.

To determine whether the proteasome saturation was due to decreased activity of the proteasome, we measured the proteasome enzyme activity. While there was a trend toward a decrease in proteasomal activity, we observed no significant difference in the proteasome activity per se in the brain extracts ([Figure 4](#fig4){ref-type="fig"}F). Thus, the proteasome system in TKO brains seems functional but unable to keep up with the high demand.

FBXO32 Interacts with Three Members of the Endophilin-A Family {#sec2.6}
--------------------------------------------------------------

In light of the upregulation of FBXO32 in the absence of endophilin, we sought to understand the connection between these proteins. First, we tested whether FBXO32 interacts with endophilin family members by immunoprecipitation and pull-downs. An interaction between FBXO32 and all three endophilins in vivo was revealed by specific enrichment of FBXO32 in anti-GFP immunoprecipitates from HeLa expressing FBXO32-mCherry and endophilin 1, 2, or 3-EGFP ([Figures 5](#fig5){ref-type="fig"}A--5C). Similar results were obtained by glutathione S-transferase (GST) pull-downs from mouse brain lysate using the GST-FBXO32 as bait ([Figure S3](#mmc1){ref-type="supplementary-material"}E). We demonstrated that FBXO32 is able to pull-down purified endophilin-1 protein ([Figure 5](#fig5){ref-type="fig"}D), suggesting a direct interaction. Furthermore, the interaction is mediated through endophilin's SH3 domain, as revealed by another set of pull-downs from mouse brain lysate using the GST-SH3 domains of endophilin-1 and 3 as baits (an enrichment of FBXO32 with stronger binding to endophilin-1 and 3 SH3s was observed; [Figure S3](#mmc1){ref-type="supplementary-material"}F).

We examined the intracellular localization of FBXO32 and its overlap with endophilins in cultured clonal cells (HeLa and MEFs were used to control for cell line variability) and primary hippocampal neurons. It is noteworthy that expressing FBXO32 (either FBXO32-EGFP or FBXO32-mCherry) induced cell death: ∼50% of *Fbxo32*-transfected HeLa and ∼40% of *Fbxo32*-transfected MEFs survived 30 hr post-transfection; less than 15% of *Fbxo32*-transfected primary neurons were detected on day in vitro (DIV) 14 (detailed below). FBXO32 distribution showed substantial cell-to-cell variability: although mainly cytosolic, FBXO32 was enriched at dynamic organelle-like structures of various sizes and often accumulated in the nucleus ([Movie S3](#mmc5){ref-type="supplementary-material"}). Native FBXO32 distribution was similar to that of expressed FBXO32: immunostaining against FBXO32 revealed nuclear as well as cytosolic protein distribution in HeLa cells ([Figure S4](#mmc1){ref-type="supplementary-material"}A). Surprisingly, both in HeLa cells and MEFs, FBXO32-labeled tubular structures were observed (examples in [Figures 5](#fig5){ref-type="fig"}F, 5I, and [S4](#mmc1){ref-type="supplementary-material"}C; see also [Movie S5](#mmc7){ref-type="supplementary-material"}). Given that FBXO32 interacts with endophilins, and the propensity of endophilins to tubulate membranes, we examined the colocalization of FBXO32 with endophilin 1, 2, and 3. The distribution of endophilins is mainly cytosolic: sparse puncta were attributed to endophilin's role in endocytosis ([@bib26], [@bib30], [@bib3], [@bib38]).

When endophilin-1 and FBXO32 were coexpressed at similar levels, FBXO32 protein distribution changed: FBXO32 became predominantly cytoplasmic and excluded from the nucleus ([Figures S4](#mmc1){ref-type="supplementary-material"}B and [S6](#mmc1){ref-type="supplementary-material"}E; also see [Figures 7](#fig7){ref-type="fig"}B and 7D). Interestingly, we also observed that cell death due to FBXO32 overexpression was abolished upon endophilin coexpression, which we detail further below. FBXO32 and endophilin-1 were also found to colocalize sparsely at dynamic organelle-like structures ([Figures 5](#fig5){ref-type="fig"}L and [S4](#mmc1){ref-type="supplementary-material"}B). These were found throughout the cytoplasm and not only in the vicinity of the plasma membrane (as would be expected for endophilin-1 when being recruited to endocytic structures).

When endophilin-2 and FBXO32 were coexpressed, they colocalized transiently at both organelle-like structures and tubuli ([Figures 5](#fig5){ref-type="fig"}E, 5L, and [S4](#mmc1){ref-type="supplementary-material"}C; [Movie S5](#mmc7){ref-type="supplementary-material"}). We further observed that endophilin-2 colocalized with FBXO32 on dynamic tubulated structures, although endophilin-2 was not needed for the recruitment of FBXO32 to tubuli ([Figure 5](#fig5){ref-type="fig"}F at 24 s; [Movie S5](#mmc7){ref-type="supplementary-material"}). Similarly to endophilins, FBXO32 also directly binds and tubulates membranes in vitro (B. Kroppen, M. Meinecke, and I.M., unpublished data). Lastly, FBXO32 and endophilin-3 colocalized partially on organelle-like structures ([Figures 5](#fig5){ref-type="fig"}L and [S4](#mmc1){ref-type="supplementary-material"}D).

We examined the overlap between FBXO32 and endophilin-1 or endophilin-2 in primary hippocampal cultures. FBXO32-EGFP and endophilin-1-mRFP or endophilin-2-mRFP signal overlapped partially both in the cell bodies and in neuronal processes ([Figures 5](#fig5){ref-type="fig"}G and 5H; again FBXO32 colocalized to a greater extent with endophilin-2 than endophilin-1).

In sum, the data show that FBXO32 interacts directly with endophilin-A proteins (possibly through their SH3 domain), both proteins are involved in membrane tubulation, and both transiently colocalized on dynamic organelle-like structures of various sizes.

FBXO32 and Endophilins-A Associate Transiently with Autophagosomes {#sec2.7}
------------------------------------------------------------------

In addition to being an E3-ubiquitin ligase, FBXO32 is known to regulate autophagy in muscle, raising the question of whether the FBXO32-labeled organelle-like structures were autophagosomes. We coexpressed FBXO32-EGFP together with LC3-mRFP and observed a prominent colocalization of the two probes in starved cells ([Figures 5](#fig5){ref-type="fig"}I and 5M; [Movie S4](#mmc6){ref-type="supplementary-material"}). A similar result was observed when FBXO32 was immunostained ([Figure S4](#mmc1){ref-type="supplementary-material"}A), irrespective of type of cell (HeLa cells were also used) or fluorescent labeling ([Figure S4](#mmc1){ref-type="supplementary-material"}E). Thus, FBXO32 is detected at autophagosomes.

Next, when endophilin-2 was coexpressed with the autophagosomal marker LC3, sparse but significant colocalization was observed in starved HeLa cells, suggesting that endophilin-2, like FBXO32 albeit to a lesser extent, transiently associates with autophagosomes ([Figures 5](#fig5){ref-type="fig"}J and 5M). Similar observations were made for endophilin-1 and endophilin-3, which were also occasionally seen on LC3-labeled autophagosomes ([Figures 5](#fig5){ref-type="fig"}M, [S4](#mmc1){ref-type="supplementary-material"}F, and S4G; please note that the values represent colocalization above coincidental colocalization, which is prominent in this system given that endophilins are cytosolic proteins). For example, a kymograph from endophilin-3- and LC3-expressing HeLa cell shows that endophilin-3 colocalizes with an LC3-labeled autophagosome transiently ([Figure 5](#fig5){ref-type="fig"}N; arrows indicate colocalization). Importantly, FBXO32, LC3, and endophilin-2 could be simultaneously detected at the same dynamic organelle ([Movie S6](#mmc8){ref-type="supplementary-material"}). Notably, endophilin-2 showed much stronger overlap with ATG5 (an early autophagosomal marker) than with LC3 ([Figure 5](#fig5){ref-type="fig"}K; 43% colocalization; see [Movie S7](#mmc9){ref-type="supplementary-material"}), implying a role for endophilin-A in autophagosome formation.

Endophilin-A and FBXO32 Are Needed for Autophagosome Formation in Neurons and in Mammalian Brain {#sec2.8}
------------------------------------------------------------------------------------------------

Given that both FBXO32 and endophilins-A were occasionally found on LC3-positive autophagosomes, we examined whether autophagy was altered in brains of TKO and 1,2 DKO mice. Notably, both LC3B-II (lower band is the active form), a classical marker for autophagosomes, and ATG5, a marker for early autophagosomes, were prominently decreased in TKO brains ([Figure 6](#fig6){ref-type="fig"}A) and in aged endophilin 1KO-2HT-3KO mice ([Figures 6](#fig6){ref-type="fig"}C and 6D). Interestingly, the ATG5 protein level in endophilin 1KO-2HT-3KO mice decreases progressively between 3 and 18 months of age ([Figure 6](#fig6){ref-type="fig"}D). A reduction in LC3B-II and ATG5 was also observed in 1,2 DKO cortex ([Figure 6](#fig6){ref-type="fig"}B), suggesting that endophilin-3 cannot effectively compensate for the loss of endophilin-1 and 2 in autophagy.

We prepared primary neuronal cultures from endophilin TKO and WT hippocampi and labeled autophagosomes either by mildly expressing LC3-EGFP ([Figures 6](#fig6){ref-type="fig"}E and [S5](#mmc1){ref-type="supplementary-material"}C) or by immunostaining for LC3 ([Figure S5](#mmc1){ref-type="supplementary-material"}E). We detected an overall decrease in the number of LC3-labeled autophagosomes when autophagy was simultaneously induced by starvation and mTOR inhibitor Torin-1 ([Figures 6](#fig6){ref-type="fig"}E, 6F, [S5](#mmc1){ref-type="supplementary-material"}C, and S5D). Interestingly, the effect was more obvious at the synapses, as apparent from colocalization of LC3 and synaptobrevin-2, a presynaptic marker ([Figure 6](#fig6){ref-type="fig"}E; insets in [Figure S5](#mmc1){ref-type="supplementary-material"}C). Altogether, the biochemical and imaging data suggest that autophagy depends on endophilin in vivo and in vitro and imply a role for endophilin in the formation and/or maturation of autophagosomes.

Notably, endophilin-B has a known role in autophagosome formation, and its CDK5-mediated phosphorylation is required for induced autophagy in models of PD ([@bib54]). Endophilin-A proteins are closely related to endophilin-B: they share an identical domain structure with a high homology, and both protein subfamilies are enriched at the synapses and able to tubulate membranes ([@bib11], [@bib41]). Thus, we tested the levels of endophilin-B, CDK5, and several autophagy initiators. No change in the protein level of endophilin-B in endophilin-A TKO brains was detected ([Figure 6](#fig6){ref-type="fig"}G), whereas the levels of CDK5 were decreased ([Figure 6](#fig6){ref-type="fig"}A). However, in 1,2 DKO brains, the CDK5 level was unchanged ([Figure 6](#fig6){ref-type="fig"}B). Protein levels of UVRAG, BECLIN, ATG3, and HDAC6 were not altered, either in endophilin TKO brains or endophilin 1,2 DKO cortex ([Figures S5](#mmc1){ref-type="supplementary-material"}A and S5B). These results imply that endophilin-B cannot compensate for autophagosome formation in the absence of endophilin-A and that autophagy is not altered due to repression of signaling pathways, because the key autophagy initiation regulators are not affected by absence of endophilin-A.

The key autophagy factors ATG9A and ATG16L have been shown to undergo clathrin-mediated endocytosis ([@bib36], [@bib32]). In the light of endophilins' well-established role in endocytosis, it is possible that the observed phenotype is an indirect effect of defective endocytosis in endophilin mutants. However, we found that both ATG9A and ATG16L were not significantly changed in our mutants ([Figures 6](#fig6){ref-type="fig"}H and [S5](#mmc1){ref-type="supplementary-material"}F), indicating that availability of these two factors does not influence the findings we describe here.

To further characterize the role of FBXO32 in autophagy, we employed the *Drosophila melanogaster* neuromuscular junction (NMJ) to see whether FBXO32 is relevant for autophagy in neuronal cells in vivo. When *Fbxo32* is silenced in *Drosophila* in vivo, there was a very obvious decrease in the number of autophagosomes detected at the NMJ ([Figures S6](#mmc1){ref-type="supplementary-material"}A--S6C; quantification in [Figure S6](#mmc1){ref-type="supplementary-material"}D). Thus, FBXO32 seems necessary for autophagosome formation at the fruit fly NMJ.

Given that, in the endophilin mutant brains there is more FBXO32 and yet still less autophagosome formation, the interaction between endophilin and FBXO32 may play a key role in this process.

*Fbxo32* Upregulation Causes Apoptosis in Cells and Neurons that Can Be Rescued by Endophilin-A {#sec2.9}
-----------------------------------------------------------------------------------------------

To determine whether upregulation of *Fbxo32* is an important step in the brain pathology of endophilin mutants, we explored the consequences of *Fbxo32* upregulation in clonal (HeLa and MEF) and primary (neurons) cell lines. It has been reported that FBXO32 elevation induces apoptosis in cardiomyocytes and cancer cells ([@bib55], [@bib56]). We observed that expression of FBXO32 causes substantial cell death in HeLa and MEFs, as determined by the number of remaining EGFP-positive cells and by the activity of caspases 3 and 7 ([Figures 7](#fig7){ref-type="fig"}A--7C, 7E, and [S6](#mmc1){ref-type="supplementary-material"}E). The remaining cells looked unhealthy: they were smaller and often had vacuolar structures. The detrimental effects of FBXO32 were independent of its fluorescent tag and cell-transfection method (electroporation/Lipofectamine/Fugene).

Strikingly, when endophilin-1 was coexpressed with FBXO32 in MEFs, FBXO32-induced cell death was rescued, as demonstrated by the number of EGFP-positive cells (normalized \[norm.\] to total DAPI count) 30 hr after transfection and healthy cell appearance ([Figure 7](#fig7){ref-type="fig"}B; also in HeLa cells: [Figure S6](#mmc1){ref-type="supplementary-material"}E), the quantification of cell survival ([Figure 7](#fig7){ref-type="fig"}C), and the activity of caspases 3 and 7 ([Figure 7](#fig7){ref-type="fig"}E). Importantly, the levels of FBXO32 expression were elevated when FBXO32 and endophilin-1 were coexpressed, implying that the rescue of FBXO32-induced apoptosis is not due to a reduction in FBXO32 levels ([Figures 7](#fig7){ref-type="fig"}A and 7B). However, coexpression with endophilin-1 seemed to relocate FBXO32-EGFP out of the nucleus ([Figures 7](#fig7){ref-type="fig"}D and [S6](#mmc1){ref-type="supplementary-material"}E) in agreement with the data presented in [Figure 5](#fig5){ref-type="fig"}. Thus, FBXO32-induced apoptosis is associated with aberrant intracellular FBXO32 localization, and both the localization and the apoptosis susceptibility can be rescued by simultaneous upregulation of endophilin-1. These data show that FBXO32 and endophilin-1 interact not only at the protein but also at the genetic level.

In neurons, the effect was even more striking. When either WT primary hippocampal or cortical neurons were transfected with FBXO32-EGFP, less than 15% of all transfected neurons were detected at DIV14 ([Figures 7](#fig7){ref-type="fig"}F--7H). The surviving FBXO32-expressing neurons displayed a lower number of processes and appeared unhealthy ([Figure S6](#mmc1){ref-type="supplementary-material"}F). TKO hippocampal and cortical neurons in culture were comparable to WT and littermate endophilin 1KO-2WT-3KO cells and did not show increased cell death under standard culturing conditions. However, when TKO cortical neurons were transfected with *Fbxo32*, less than 2% of transfected neurons were detected at DIV14 (in comparison to EGFP-expressing TKO neurons), with the surviving cells presenting a reduction in the number of processes and vacuoles in cell bodies. Lastly, coexpression of endophilin-1 or endophilin-2 was able to rescue FBXO32-induced apoptosis in cortical neurons: when endophilin-1-mRFP or endophilin-2-mRFP were coexpressed with FBXO32-EGFP, either in WT and endophilin TKO cortical neurons, the majority of neurons thrived (over 80% and 67% of all *Fbxo32*-transfected neurons, respectively; [Figures 7](#fig7){ref-type="fig"}F--7H). Imbalance in FBXO32/endophilin-A levels is likely a key mechanistic step in the brain pathology of endophilin mutants, and FBXO32-endophilin interplay seems important for maintaining neuronal health and overall protein homeostasis in the brain.

Discussion {#sec3}
==========

To date, the known roles of endophilin-A have been limited to endocytosis and SV recycling. Here, we show that endophilin also affects the UPS and autophagy in the brain. The robust induction of the *Foxo3a*/*Fbxo32* network (known to mediate muscle atrophy) in the brain of mice with endophilin deficiency promotes apoptosis and likely mediates brain pathology. Similarly to muscle, the *Foxo*/*Fbxo32* network seems relevant for regulating protein degradation in the brain and for maintaining neuronal health. If FBXO32 is expressed in cell lines and primary neurons, it causes apoptosis that can be rescued by simultaneous coexpression of endophilin. Thus, balancing the FBXO32-endophilin interaction seems essential for sustaining neuronal viability.

We also report that partial endophilin absence in mice results in neurodegeneration and in perturbations of a significant number of ataxia- and PD-related genes. These observations corroborate a number of recent findings that indirectly link endophilin to neurodegeneration and PD ([@bib1], [@bib9], [@bib21], [@bib24], [@bib26], [@bib33], [@bib45], [@bib51]). Endophilin models may also be of relevance for neurodegeneration research because they may provide insights into signaling pathways affected prior to overt manifestation of neurodegeneration.

FBXO32 was thus far studied mainly in skeletal muscle, where this E3-ubiquitin ligase was found to mediate rapid atrophy as a result of FOXO3A transcriptional activation. Interestingly, FOXO3A activation is associated with cellular stress responses and neurodegeneration ([@bib53]). FOXO3A stimulates autophagy in neurons ([@bib57]), and FBXO32 is necessary for autophagy; activation of the *FoxO*-*Fbxo32* axis should thus lead to increased autophagy. Nevertheless, this is not the case when endophilin is lacking: the number of autophagosomes is sharply decreased. Also, endophilin colocalizes transiently with mature and even more impressively with early autophagosomes, suggesting that endophilin-A has a previously unreported role in the formation and/or maturation of autophagosomes. This is supported by the recent identification of endophilin-A as one of the regulators of autophagosome formation ([@bib48]). Interestingly, mice without endophilin also display the same pattern of perinatal lethality observed in mice lacking proteins necessary for autophagosome formation ([@bib22]).

Given endophilin's involvement in endocytic processes, the decrease in the number of autophagosomes might also result from compromised endocytosis. Specifically, it has been shown that blockage of endocytosis upstream of clathrin coat assembly results in decreased autophagosome formation ([@bib36], [@bib37]). However, endophilin deficiency results in the accumulation of clathrin-coated vesicles, and the levels of clathrin are not altered ([@bib26]). Thus, clathrin is available to interact with ATG16L1, and RNA and protein levels of ATG16L1 are not altered in this model. In addition, the RNA and protein levels of ATG9, a key autophagic protein known to traffic via the plasma membrane and endosomal compartments ([@bib23], [@bib32]) are not altered in endophilin mutant brains. Altogether, whereas we cannot entirely exclude endophilin's role in endocytosis also affecting autophagy, we consider other mechanism(s) besides endocytic defects to be underlying the decrease in autophagosomes in endophilin mutants.

Decreased autophagosome availability and, consequently, lower autophagic flux are known to affect protein homeostasis ([@bib20]). We observed an accumulation of K48-linked ubiquitinated proteins in the cytoplasm, suggesting saturation of the UPS (due to overloading rather than deficiencies in the proteasome). There is possibly a double hit on this pathway: decreased autophagy and increased availability of ubiquitin ligases (FBXO32 and parkin). Both FBXO32 and parkin are involved in selective autophagy of ubiquitinated proteins ([@bib58]), and both function under the regulation of FOXOs ([@bib53]). Upregulation of FBXO32 and parkin may thus be a compensatory response to defective autophagy, an attempt to shunt more of the burden to the UPS, or possibly both.

Interestingly, the lower abundance of autophagosomes in the absence of endophilin-A cannot be (fully) compensated for by a related protein with the same domain organization, endophilin-B, an established mediator of autophagosome formation ([@bib49]). Endophilin-A primarily operates in the endocytic processes at the plasma membrane, whereas endophilin-B has prominent roles in apoptosis, mitochondrial membrane dynamics, and autophagosome formation ([@bib19]). Furthermore, CDK5-mediated phosphorylation of endophilin-B is required for inducing autophagy in models of PD ([@bib54]). More research is needed to understand endophilin-A and endophilin-B links to autophagy, neurodegeneration, and PD.

We propose a model in which endophilin's absence, likely due to its membrane-curvature-inducing/stabilizing properties, leads to reduced availability of membranes for autophagosome formation and decreased autophagic activity. Interestingly, FBXO32 and endophilin interact at both the gene and protein level and both are required for the autophagy process. Like endophilin, FBXO32 can tubulate membranes and is recruited to membrane tubules in vivo. Thus, endophilin and FBXO32 membrane-tubulating activity may contribute to the formation/maturation of autophagosomes. This model is in concordance with the reported role of endophilin-A as necessary and sufficient for macroautophagy at presynaptic terminals of fruit flies ([@bib47]).

In summary, our study addresses the origin of neurodegeneration in a key mammalian endocytic model and reveals that the FOXO/FBXO32/endophilin network may play a role in maintaining neuronal health by balancing autophagy and the UPS in the brain. The results are consistent with the following plausible scenario: reduced endophilin availability results in impaired capacity to form autophagosomes, resulting in decreased autophagy, accumulation of ubiquitinated proteins in the cytoplasm, proteasome saturation, and further accumulation of unwanted proteins over time that eventually affect neuronal function and health, leading to neurodegeneration. Accordingly, we show that imbalanced autophagy also develops in aged endophilin heterozygote mice that display age-dependent progressive ataxia. Our data reveal a role in autophagy for a key endocytic adaptor previously thought to be strictly dedicated to endocytosis and invite further research addressing the physiological and pathological implications of these findings.

Experimental Procedures {#sec4}
=======================

Reagents and Gene-Targeting Strategies {#sec4.1}
--------------------------------------

Unless otherwise stated, reagents were purchased from Sigma-Aldrich. [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"} detail gene-targeting and cloning strategies and list the antibodies and plasmids used.

Behavior Experiments {#sec4.2}
--------------------

Animal experiments were conducted according to the European Guidelines for animal welfare (2010/63/EU) with approval by the Lower Saxony Landesamt für Verbraucherschutz und Lebensmittelsicherheit (LAVES), registration number 14/1701.

For rotarod experiments, 6--20 males/group were tested on a setup by TSE Systems (3375-5). A training phase consisted of four trainings over 2 days (intertrial interval \[ITI\] was 2--5 hr; 180 s at 5 rpm). The testing phase consisted of four tests over 2 days (ITI 2--5 hr). Mice were placed on the rod, which then accelerated from 5 to 40 rpm in 180 s. Fall latency was measured. Student's t test was applied.

A simple composite phenotype scoring system for evaluating mouse models of ataxia was applied as described ([@bib13]). Eight to twelve mice were used per condition, and scoring was performed by two researchers independently. Data were analyzed using two-way ANOVA.

Ventral plane videography for gait analysis was performed using instrumentation (DigiGait) and software from Mouse Specifics, according to manufacturer's instructions. For each group, 6--20 males were used. Student's t test was applied.

Fluorescence Imaging {#sec4.3}
--------------------

TUNEL assay was performed on cryosections of the brains of perfused mice to test for apoptotic and necrotic cells. Mice were anesthetized with chloral hydrate (40 mg/mL) before cardiac perfusion with 4% paraformaldehyde (PFA). Harvested brains were post-fixed in PFA. After slow dehydration with sucrose, brains were embedded in OCT (Tissue Tek) and frozen in liquid N~2~. Sagittal brain sections were cut with a cryostat (10 μm thick). Sections were post-fixed and permeabilized with 0.1% Triton X-100. Positive controls were incubated with DNase I (833 U/mL). In Situ Cell Death Detection Kit (Fluorescein) was used according to manufacturer's instructions. Slides were counterstained with DAPI, embedded with Mowiol 4-88, and imaged with a LSM 710 confocal setup (Zeiss). Immunofluorescence of frozen brain sections and cultured neurons (DIV 14--20) was carried out as described ([@bib41], [@bib26]). Live MEFs, HeLa cells, and neurons were imaged either using a Zeiss AxioObserver Z1 total internal reflection fluorescence (TIRF) microscope with an Evolve charge-coupled device (CCD) camera (Photometrics) and 100× Plan Apo Zeiss objective or Perkin Elmer Ultraview spinning-disk confocal setup that consists of Nikon Ti-E Eclipse inverted microscope equipped with Perfect Focus, 60× CFI Plan Apo VC Nikon objective, and 14-bit electron-multiplied CCD camera (Hamamatsu C9100). Autophagy induction and colocalization analysis was performed as detailed in the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"} and below.

RNA Sequencing {#sec4.4}
--------------

RNA sequencing was performed as described in [@bib14]. The pathway analysis was performed as described in [@bib34]. These methods are detailed in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.

Biochemical Procedures {#sec4.5}
----------------------

Whole-brain or cortex samples for western blotting were prepared by homogenization of brain tissue (whole brain for p0 animals; one cortex for p14--p21 animals and aged animals) as detailed in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}. For Trap-GFP immunoprecipitation, HeLa cells were transfected with endophilin (1, 2, or 3)-EGFP and mCherry/FBXO32-mCherry using Lipofectamine 3000 (Invitrogen). We used Chromotek Trap-GFP agarose beads (Chromotek) and followed manufacturer's protocol. Alternatively, HeLa cells were transfected with FBXO32-EGFP and coupled to Chromotek Trap-GFP agarose beads. Purified endophilin-1 was added, and all fractions (input, non-bound, and bound) were collected. Samples were subjected to SDS-PAGE electrophoresis and immunoblotted against indicated proteins.

Cell Culture {#sec4.6}
------------

siRNA-based knockdown of *Foxo3a* was performed as in [@bib26]. Primary hippocampal and cortical cultures were prepared as previously described ([@bib12]). Primary neurons expressed constructs, following Amaxa (Lonza)-based transfection, under the control of the chicken-β-actin promoter to allow for long-term expression. A minimum of 15 images from three to five experiments were analyzed for each genotype/condition. Given that the majority of respective fluorescent signals were cytosolic, colocalization was evaluated semi-automatically using object-based overlap analysis and ImageJ JACoP plugin ([@bib2]). In short, the image was first segmented into objects and background (i.e., bright fluorescent objects are segmented from the image), and then their spatial relationship (overlap) was measured. The same analysis was performed with the mirror image, and random colocalization was subtracted in each case. Complementary manual colocalization analysis was also performed, and it yielded similar results. Here, circles were superimposed on bright fluorescent spots in the FBXO32 (or LC3 or ATG5) channel and transferred to identical image locations in the endophilin channel. If the fluorescence intensity maximum in the endophilin channel was located in the same circle and the morphology of the signal resembled that of the FBXO32 signal, the circle was rated as positive (colocalized); if not, it was rated as negative (not colocalized). To correct for accidental colocalization, circles were also transferred to a mirror image of the endophilin channel (detailed in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}). Fluorescent puncta were quantified as in [@bib15]. Data are presented as puncta per 100 μm^2^, normalized to controls. Student's t test was used unless otherwise stated.

Proteasome Activity Assay {#sec4.7}
-------------------------

We used WT and endophilin TKO MEFs, immortalized with E6/E7 viral proteins, grown on supplemented DMEM at 5% CO~2~ at 37°C. The cells were about 70%--80% confluent when harvested. Cells were pelleted and resuspended with n-dodecylmaltoside 1.5% in PBS with Complete Protease Inhibitor Cocktail (Roche) and PhosSTOP phosphatase inhibitor cocktail (Roche) and lysed at 4°C in a rotator for 30 min. The lysate was then centrifuged to pellet debris and placed in 96-well glass-bottomed plates for use in the assay. The fluorimetric proteasome assay (Proteasome 20S Activity Assay Kit) was performed according to manufacturer's instructions using a Synergy H1 plate reader (Biotek) at 37°C.

Caspase Activity Assay {#sec4.8}
----------------------

Caspase 3/7 apoptosis assay was performed with the ApoTox-Glo Triplex Assay (Promega) kit according to a modified version of the manufacturer's protocol for 96-well plates, detailed in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.
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![Endophilin Deficiency Causes Age-Dependent Motor Impairments in Mice\
(A) Endophilin mutant mice exhibit progressive ataxia in which onset depends on severity of endophilin deficiency. Mice were assessed on a 0--3 scale for ledge test, clasping, gait, and kyphosis from 3 to 18 months. Eight to twelve mice/genotype are shown. Average composite score for each indicated genotype at defined age was calculated; mean ± SEM (two-way ANOVA; ^∗∗∗^p \< 0.001; ^∗∗^p \< 0.01; ^∗^p \< 0.05; ns \> 0.05).\
(B) Rotarod performance plotted as latency to fall. Motor coordination was assessed at 1--18 months. After a training session (not shown), fall latency from the accelerating rod was measured for the same genotypes as in (A). Mean ± SEM; min. eight mice/genotype; Student's t test; ^∗∗∗^p \< 0.001.\
(C) Highest speed that endophilin mutants were able to run on DigiGait at 3 (left) and 15 (right) months. Colors represent percentage of mice able to run at indicated speed.\
(D) Percentage of time both hindlimbs touch the ground simultaneously while running at 20 cm/s, quantitated for endophilin 1KO-2WT-3KO and 1KO-2HT-3WT mice in comparison to WT. Mean ± SEM, Student's t test, ^∗^p\<0.05, ^∗∗∗^p\<0.001.\
(E) TUNEL assay on brain sections of mice with indicated genotypes. No apoptotic signal was observed in WTs; cell death was spotted very rarely in endophilin 1KO-2WT brains and more frequently in endophilin 1,2 DKO sections (indicated by arrows). The scale bar represents 50 μm. (Right) Quantification in motor cortex (up) and hippocampus (down) is shown. Mean ± SEM; four mice/genotype.\
(F) GFAP immunofluorescence in endophilin 1,2 DKO brain sections showed more gliosis compared to controls. The scale bar represents 20 μm. (Right) Quantification is shown. Mean ± SEM; four mice/genotype.\
(G) Immunostaining for cleaved caspase 3 on brain slides of the indicated genotypes. Arrows indicate cells with positive caspase 3 signal. The scale bar represents 50 μm. (Right) Quantification is shown. Mean ± SEM; five mice/genotype.\
See also [Figure S1](#mmc1){ref-type="supplementary-material"} and [Movies S1](#mmc3){ref-type="supplementary-material"} and [S2](#mmc4){ref-type="supplementary-material"}.](gr1){#fig1}

![Transcriptional Analysis of Endophilin TKO and 1,2 DKO Hippocampi\
(A--D) Heatmap showing the expression of ataxia- (A: TKO; C: 1,2 DKO) and Parkinson's-disease-related genes (B: TKO; D: 1,2 DKO).\
(E) Pathway analysis of the transcriptional signatures of TKO hippocampi using the IPA software. The ten most significantly enriched pathways based on Fisher exact test p values (x axis) are presented.\
(F) The RNA sequencing results verified by qRT-PCR for named genes in TKO samples.\
See also [Figure S2](#mmc1){ref-type="supplementary-material"} and [Tables S1](#mmc2){ref-type="supplementary-material"}, [S2](#mmc2){ref-type="supplementary-material"}, [S3](#mmc2){ref-type="supplementary-material"}, [S4](#mmc2){ref-type="supplementary-material"}, [S5](#mmc2){ref-type="supplementary-material"}, [S6](#mmc2){ref-type="supplementary-material"}, [S7](#mmc2){ref-type="supplementary-material"}, and [S8](#mmc2){ref-type="supplementary-material"}.](gr2){#fig2}

![Upregulation of the E3 Ubiquitin Ligase FBXO32 and Its Transcription Factor FOXO3A in Endophilin Mutant Mice\
(A) Transcript levels of *Fbxo32* measured by qRT-PCR for indicated genotypes. ^∗^p \< 0.05; Student's t test; mean ± SEM.\
(B) Upregulation of FBXO32 and FOXO3A in endophilin TKO whole-brain extracts. (Right) Quantification is shown (min. eight samples/genotype). ^∗^p \< 0.05; ^∗∗∗^p \< 0.005; Student's t test; mean ± SEM.\
(C) FOXO3A-\[S253\]P immunofluorescence reveals its altered distribution (shown by arrows) in brain sections of endophilin TKO hippocampus. Four mice/genotype are shown. The scale bar represents 10 μm.\
(D) Silencing TKO neurons with Foxo3a siRNA (left: efficiency of knockdown by western blotting) decreases transcript levels of *Fbxo32* measured by qRT-PCR. n = 3. ^∗∗^p \< 0.01; Student's t test; mean ± SD.\
(E) Upregulation of FBXO32 in endophilin 1,2 DKO brains, at p0 (whole brain) and p14--p21 mice (cortex). (Right) Quantification is shown (eight samples/genotype). ^∗^p \< 0.05; ^∗∗^p \< 0.01; Student's t test; mean ± SEM.\
(F) Upregulation of FBXO32 in endophilin 1KO-2HT-3KO cortical extracts in 18-month mice. (Right) Quantification is shown (three samples/genotype). ^∗^p \< 0.05; Student's t test; mean ± SD.\
See also [Figures S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}.](gr3){#fig3}

![Proteasomal Saturation in Endophilin Mutant Mice\
(A--C) Western blots for polyubiquitin (A), K48 linked (B; proteasome targeting), and K63 linked (C; proteasome unrelated) in 1,2 DKO cortex. (Right) Quantification is shown (min. six samples/genotype). ^∗^p \< 0.05; ^∗∗^p \< 0.01; Student's t test; mean ± SEM.\
(D and E) TKO MEFS (D) or neurons (E) transfected with ubiquitin-G76V-GFP (modified GFP targeted for proteasomal degradation). The scale bar represents 10 μm. (Right) Quantification of GFP fluorescence is shown. In MEFs, proteasome inhibitor MG132 was used as control. ^∗^p \< 0.05; Student's t test; mean ± SEM.\
(F) Proteasomal activity (chymotrypsin-like) in brain extracts of TKOs relative to littermate controls. p \> 0.05; Student's t test; mean ± SEM.\
(G) Activity of caspases 3 and 7 reveals that apoptosis is increased in TKO MEFs transfected with ubiquitin-G76V-GFP. ^∗∗∗^p \< 0.001; Student's t test; mean ± SD.\
See also [Figure S3](#mmc1){ref-type="supplementary-material"}.](gr4){#fig4}

![FBXO32 and Endophilin-A Interact and Colocalize Transiently on Organelles and Tubular Structures\
(A--C) Endophilin-1 (A), 2 (B), and 3 (C) interact with FBXO32. Anti-GFP immunoprecipitation from HeLa cell lysate probed with anti-RFP antibody is shown (three experiments).\
(D) FBXO32-GFP-coupled beads pull-down purified endophilin-1.\
(E) MEF overexpressing FBXO32-EGFP (left) and endophilin A2-RFP (middle); magnified in the inset. Note that FBXO32 and endophilin-2 colocalize on organellar and tubular structures. The scale bar represents 7 μm.\
(F) Time-lapse images from (E) showing dynamic tubular structure with FBXO32 and endophilin-2. Note FBXO32's association with membrane tubules independently of endophilin-2. Inset size is 4 μm.\
(G and H) Primary hippocampal neurons expressing FBXO32-EGFP and endophilin-1-mRFP (G) or endophilin-2-mRFP (H), transfected by electroporation. (Up) Neuronal processes are shown (scale bar 3 μm). (Bottom) Neuronal cell bodies are shown (scale bar 7 μm).\
(I) FBXO32-EGFP colocalization with LC3-mRFP in starved MEF. A representative cell shows the overlay between FBXO32-EGFP and LC3-mRFP (imaged by near-TIRF microscopy). Panels on the right show dynamic FBXO32-labeled tubule. [Movie S4](#mmc6){ref-type="supplementary-material"} shows trafficking of FBXO32 and LC3 in the same cell. The scale bar represents 3 μm.\
(J) HeLa cell expressing LC3-EGFP (left) and endophilin-A2 protein (middle), starved for 2 or 3 hr. The scale bar represents 3 μm.\
(K) Endophilin-2-EGFP transiently colocalized with ATG5-mCherry (early autophagosomal marker) in starved HeLa cell. Magnified is shown in the inset. The scale bar represents 5 μm.\
(L and M) Quantification of colocalization of endophilins with FBXO32 (L) and LC3 (M). Random colocalization has been subtracted. Mean ± SD.\
(N) Kymograph of image series (200 s) showing a transient colocalization of endophilin-3 (green) and LC3 (red) in a HeLa cell imaged by spinning-disk microscopy.\
See also [Figure S4](#mmc1){ref-type="supplementary-material"} and [Movies S4](#mmc6){ref-type="supplementary-material"}, [S5](#mmc7){ref-type="supplementary-material"}, [S6](#mmc8){ref-type="supplementary-material"}, and [S7](#mmc9){ref-type="supplementary-material"}.](gr5){#fig5}

![Number of Autophagosomes Is Decreased in Endophilin TKO and 1,2 DKO Mutant Brains and Neurons\
(A and B) Decrease in autophagosomal markers LC3B-II, ATG5, and CDK5 in TKO brain (A; p0) or 1,2 DKO cortical extracts (B; p14--p21). (Right) Quantification is shown (min. six samples/genotype). ^∗^p \< 0.05; ^∗∗∗^p \< 0.001; Student's t test; mean ± SEM.\
(C) Decrease in the autophagosomal marker LC3B-II in the cortex of aged endophilin 1KO-2HT-3KO mice. (Right) Quantification is shown (three cortices/genotype). ^∗∗^p \< 0.01; Student's t test; mean ± SEM.\
(D) Decrease in the early autophagosomal marker ATG5 in the cortex of 3-, 9-, and 18-month-old endophilin 1KO-2HT-3KO mice. (Right) Quantification is shown (min. three samples/genotype). ^∗^p \< 0.05; Student's t test; mean ± SEM.\
(E) Endophilin TKO and control hippocampal neurons transfected with LC3-EGFP and treated with 250 nM Torin-1 in the EBSS buffer for 4 hr were co-stained for synaptobrevin-2. Note that less LC3 signal can be detected at TKO synapses when compared to WTs (circles indicate synapses). Also note weaker synaptobrevin-2 staining in TKO samples is shown, in agreement with [@bib26]. The scale bar represents 2 μm.\
(F) Quantification of LC3 puncta in (C). ^∗^p \< 0.05; t test; mean ± SEM.\
(G) Endophilin-B1 in TKO brains. (Right) Quantification is shown (eight samples/genotype); mean ± SEM.\
(H) Autophagosomal markers ATG9A and ATG16L are not changed in endophilin TKO brains (p0). (Right) Quantification is shown (min. four samples/genotype). ^∗^p \< 0.05; ^∗∗∗^p \< 0.001; Student's t test; mean ± SEM.\
See also [Figure S5](#mmc1){ref-type="supplementary-material"}.](gr6){#fig6}

![FBXO32 Upregulation Causes Apoptosis in Non-neuronal and Neuronal Cells that Can Be Rescued by Endophilin-1 and 2\
(A and B) MEFs cotransfected with FBXO32-EGFP and mRFP (A) or EGFP and endophilin-1-mRFP (B) for 30 hr. Note that FBXO32-expressing cells look healthy if coexpressing endophilin-1. The scale bar represents 20 μm.\
(C) Quantification of EGFP-positive cells in (A) and (B) normalized to DAPI. Three experiments are shown, with at least 48 cells/condition. ^∗∗∗^p \< 0.001; ^∗^p \< 0.05. Student's t test; mean ± SEM.\
(D) Quantification of EGFP signal in the nucleus in (A) and (B) normalized to total transfected cells. ^∗^p \< 0.05; Student's t test.\
(E) Activity of caspases 3 and 7 reveals that apoptosis is increased upon *Fbxo32* expression but abolished when cells coexpress endophilin-1 (three experiments). ^∗∗∗^p \< 0.001; Student's t test; mean ± SEM.\
(F and G) Primary cortical neurons cotransfected with FBXO32-EGFP and endophilin-1-mRFP (F) or endophilin-2-mRFP (G). The scale bar represents 20 μm.\
(H) Quantification of survival of FBXO32-transfected neurons in primary culture (as shown in F and G; three independent experiments). ^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001; Student's t test, mean ± SD.\
See also [Figure S6](#mmc1){ref-type="supplementary-material"}.](gr7){#fig7}
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